Abstract. Al/Cu, Al/Zn, and Al/Fe bimetallic nanoparticles have been obtained using the method of simultaneous electrical explosion of metal pairs in an argon atmosphere. The nanoparticles are chemically active and interact with water at 60°C forming flower-like hierarchical porous structures with a high specific surface area. As the Al/Cu nanopowder is oxidized with water, flower-like pseudoboehmite composite structures are formed with the size of under 1.0 μm; structurally heterogeneous electron-dense spherical inclusions of unreacted metal copper and intermetallides are identified inside them. Al/Fe product transformations are presented by the flower-like pseudoboehmite surrounded by lamellar structures enriched with ferric oxides. Al/Zn nanoparticles react with water, forming the flower-like pseudoboehmite and mainly hexagonal zinc oxide laminae. The composite particles obtained can be used as antibacterial agents in manufacturing medical supplies.
INTRODUCTION
Recently there has been a strong emphasis on the morphology of nanoparticles and nanomaterials, which is directly related to their properties and the fields of application [1] [2] [3] [4] . Many studies are devoted to the research of various flower-like nanostructures of aluminum, copper, titanium, iron, tin, and zinc oxides [1] [2] [3] [4] [5] . Such structures exhibit a developed surface, porosity, and high catalytic and adsorption activity [6, 7] . Among these structures, we can highlight aluminum oxide with a flower-like morphology, which is stable up to 900°C and is capable of adsorbing bacteria, viruses, DNA/RNA, proteins, endotoxins, and antigens [8] . To create novel materials, the perspective precursors are Al/Cu, Al/Zn, and Al/Fe bimetallic nanoparticles. The composite particles synthesized on the basis of these bimetallic nanoparticles, in whose structure the pseudoboehmite nanopetals and nanosized particles of biometal (Cu, Zn, Fe) are combined, are expected to exhibit complementary functional properties, that will considerably widen the fields of their practical application.
The present work aims to investigate the morphology and phase constitution of the composite flower-like structures obtained from the reaction of Al/Cu, Al/Zn, and Al/Fe bimetallic nanoparticles with water.
EXPERIMENTAL PROCEDURE
The Al/Cu, Al/Zn, and Al/Fe bimetallic particle nanopowders were obtained using the method of simultaneous electrical explosion of aluminum and copper (zinc or iron) wires in an argon atmosphere with the 50:50 ratio of metals. In terms of the nature of the metals used, their correlation and explosion conditions, this method enables the production of compound nanoparticles comprising several phases separated by interphase boundaries. During the electrical explosion, alloys, solid solutions, and intermetallides are formed.
The composite particles were obtained by the oxidation of nanopowders with water using the following method. 0.5 g of nanopowder were placed into a heat-insulated reaction vessel, then 50 ml of distilled water were added, and the mixture was heated to 60°C, being continuously stirred. The reaction was performed for 60 min; the obtained products were washed, filtered, and dried to a constant mass.
The morphology and size of the bimetallic nanoparticles and composite particles were determined by transmission electron microscopy (JEM-2000FX JEOL, Japan). The iron-bearing objects were studied using High Resolution SEM (Zeiss Ultra-Plus FEG-SEM, Germany). The phase constitution was determined by X-ray diffraction analysis using CuK -radiation, = 1.54056 Å (XRD-6000, Shimadzu, Japan). The phases were identified using the PCPDFWIN software. The texture characteristics were determined by the method of low-temperature nitrogen adsorption (Sorbtometer-M, Russia), the specific surface area was calculated with the 5-point BET method.
DISCUSSION OF RESULTS

Precursor Nanoparticles
Under the same parameters of the electrical explosion of aluminum and copper (zinc or iron) wires, spherical particles are formed, whose average size is 80-120 nm and the particle size does not depend on the pattern composition (Fig. 1) . The surface of the particles is covered with a thin inhibitive oxide film. The specific surface area of the patterns is 6-8 m 2 /g. The study of the morphology and elemental composition of Al/Cu nanoparticles using the EDAX-TEM method showed that all analyzed particles contain Al and Cu in different portions, which are uniformly distributed over the particles. The particles contains 5% (mass fraction) of Al 2 O 3 ( Fig. 1(a) ). The major reflexes correspond to the Cu 2 Al intermetallic compound in the diffraction patterns of all nanopowders. There are also phases of Al, Cu metals and Cu 4 Al and Al 9 Cu intermetallides in the patterns, that corresponds to the Cu-Al system state diagram. The comparison of the data of the EDAX-TEM and RPA analyses allows us to suggest that the particles have a complex inner structure and consist of clusters of different phase constitutions.
Under electrical explosion (T ~ 10 000 K), aluminum and iron can form intermetallic compounds, solid solutions and eutectics. In the diffraction pattern of Al/Fe nanoparticles, the major reflexes correspond to the intermetallic compound-iron monoaluminide FeAl (73%) (Fig. 1(b) ). Besides, there are phases of solid solution Fe 2 Al (16%) and metallic Al (11%), that corresponds to the Fe-Al system state diagram [9] . The phase constitution of Al/Zn nanoparticles is presented by the Al and Zn phases and the Al 0.71 Zn 0.29 solid solution. As the elemental composition of the Al/Zn nanoparticles is investigated using the TEM method in the mapping mode, there is a distinguished boundary of metallic phase separation ( Fig. 1(c) ). 
Flower-Like Structures
The bimetallic nanoparticles studied under the conditions of the experiment are chemically active and interact with water at 60°C as well as metallic aluminum electroexplosive nanopowder [10] . The reaction is exothermal and is followed by the release of hydrogen and a change in the reaction medium's pH. Porous structures of various morphology are formed as a result of the transformation of bimetallic nanopowders.
The composite particles obtained after Al/Cu oxidation present the pseudoboehmite nanopetals agglomerates with heterogeneous electron-dense spherical inclusions (Fig. 2(a) ). In their size, the nanopetals (100-300 nm wide and 5-7 nm thick) are similar to the oxidation products under the same conditions of electroexplosive Al nanopowders (Fig. 3) [10] . The study of the substructure characteristics of agglomerates by comparing the brightfield and the dark-field TEM-images and the elemental composition of agglomerates by the energy-dispersion analysis revealed that the electron-dense inclusions are enriched with copper and consist of units sized below 10 nm (Fig. 2(a) ). According to the X-ray phase analysis, copper and intermetallides are at the same ratios as in the initial nanopowders. The specific surface area of the copper-containing composite particles is 130 m 2 /g. As a result of the Al/Fe transformation, flower-like hierarchical porous structures are formed (Fig. 2(b) ), which consist of two types of lamina. The Al/Fe nanoparticle transformation products are presented by a 0.5-1.0 μm spherical porous agglomerate of pseudoboehmite nanopetals surrounded by lamellar structures enriched with ferric oxides with a specific surface area of 124 m 2 /g. According to the X-ray phase analysis, the synthesized porous structures are presented by the Fe 3 O 4 phases, intermetallides, and solid solutions with a differing ratio of Al and Fe, which do not react with water in the experiment.
The Al/Zn nanoparticle transformation products are presented by a spherical flower-like agglomerate of pseudoboehmite nanopetals and zinc oxide hexagonal laminae (Fig. 2(c) ). The specific surface area of the patterns is 229 m 2 /g. The study of the phase constitution of the given composite revealed the presence of Al 2 O 3 , AlOOH, and ZnO phases.
CONCLUSION
Thus, electroexplosive bimetallic particles react with water under soft conditions forming flower-like hierarchical porous structures with a high specific surface area. The shape-size characteristics of pseudoboehmite nanopetals in the structures under study are maintained, and the change in the morphology of the composite particles is caused by the phase constitution of a precursor.
